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Abstract: Prader-Willi Syndrome (PWS, OMIM #176270) is a rare complex genetic disorder due to the
loss of expression of paternally derived genes in the PWS critical region on chromosome 15q11-q13.
It affects multiple neuroendocrine systems and may present failure to thrive in infancy, but then,
hyperphagia and morbid obesity starting in early childhood became the hallmark of this condition.
Short stature, hypogonadism, sleep abnormalities, intellectual disability, and behavioral disturbances
highlight the main features of this syndrome. There have been a significant number of advances in our
understanding of the genetic mechanisms underlying the disease, especially discoveries of MAGEL2,
NDN, MKRN3, and SNORD116 genes in the pathophysiology of PWS. However, early diagnosis
and difficulty in treating some of the disease’s most disabling features remain challenging. As our
understanding of PWS continues to grow, so does the availability of new therapies and management
strategies available to clinicians and families.
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1. Introduction

First described by Langdon Down in 1887 [1] and later by Prader, Labhart, and Willi
in 1956 [2]. Prader—Willi Syndrome (PWS) is a rare, complex genetic disorder involving a
maternally imprinted region on the proximal arm of chromosome 15 [3,4].

PWS affects multiple neuroendocrine systems with varying clinical features through-
out affected individuals’ lives (Phases 0—4).

Phase 0, prenatal phase, is characterized with decreased fetal activity, breech presenta-
tion, polyhydramnios, and intrauterine growth restriction [5].

Phase 1 describes a period from birth to 25 months and is defined by initial hypotonia
and poor feeding, which may require the use of a feeding tube or other methods of assisted
feeding. Starting around 9 months, the infant begins to feed more appropriately and grows
at a normal rate as measured by a growth curve.

Phase 2 occurs from approximately 25 months to 8 years, and the patient initially starts
to cross percentiles of weight on a growth curve without an increased caloric intake. At
around 4.5 years of age, the patient begins to display an increased appetite compared to
their peers with continued crossing of weight percentiles if allowed to eat to satiation.

Phase 3 occurs after age 8 to adulthood, and it is in this time period that the patient
develops an insatiable appetite and an obsessive fixation on food. Patients in this stage
may exhibit food seeking behaviors in a manner similar to a patient experiencing substance
addiction. Lying, stealing, placing oneself in dangerous situations to obtain food, and
having emotional outbursts when food is denied have all been observed as a part of food
seeking behavior in PWS. Drastic oversight of feeding behaviors, such as placing food under
lock and key, may be needed to prevent hyperphagia-related injury or the exacerbation
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of obesity. Complications of morbid obesity and hyperphagia related injury are major
concerns for patients in Phase 3.

Phase 4, which is only experienced by a small sub-set of PWS patients, shows a marked
improvement of appetite control and no longer displays an intense preoccupation with
food and shows the ability to feel satiated after eating [6].

Short stature, behavioral abnormalities, and sleep—wake cycle disruption result from
multi-endocrine dysfunction that defines the syndrome. The incidence of the disease is
estimated to be between 1/10,000 and 1/45,000 live births, and the average life expectancy
is 29.5 years [3,7,8]. There is no difference in incidence based on sex, and differences
in incidence based on ethnicity are too widely varied to draw a conclusion. Generally,
the early cause of death is described as obesity-related, either with respect to medication
complications due to morbid obesity or as accidents resulting from a pathological drive to
eat. Currently, PWS is the most commonly known cause of syndromic obesity and the most
common cause of obesity-related mortality [7].

The goal of this review is to illustrate the genetic basis of PWS, identify clinical
manifestations of the disease and present the best practices for diagnoses and management.

2. Genetics
The PWS Region

The region of the genome involved in PWS is 15q11-q13 (Figure 1). In a non-diseased
state, this region is maternally imprinted, meaning the maternally inherited 15q11-q13
region is silenced and the paternally inherited region is expressed through epigenetic
mechanisms [9-11]. The mechanism of silencing is carried out by various epigenetic modi-
fications, such as the methylation of specific regions of DNA or histone tails and histone
de-acetylation, which generally leads to a reduction in the expression of the genes in that re-
gion. Certain regions of imprinted gene clusters control the expression of the entire cluster,
and these genes are referred to as imprinting control regions (ICR). Through phenomena are
not completely understood, the ICR of PWS is differentially silenced in a parent-of-origin-
dependent manner, meaning the paternal copy is expressed while the converse is true for
the maternal copy. Thus, the silencing of PWS-ICR on the maternal chromosome leads
to expression only on the paternal chromosome in non-diseased individuals. In simplest
terms, PWS is caused by a loss of paternal expression of the genes in this region [12].
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Figure 1. Genes in the PWS critical region, chromosome 15q11.2-q13. Created with BioRender.com.
(accessed on 25 March 2022).

There are various ways in which the paternal PWS region may not be expressed.
About 60-70% of PWS is caused by a deletion in the paternally inherited PWS locus,
and 25-30% are due to maternal uniparental disomy (mUPD) (Figure 2) [13]. Maternal
uniparental disomy has been shown to be more prevalent with increasing maternal age,
which supports the hypothesis that non-disjunction events in meiosis lead to aberrant
chromosome numbers, corrected by trisomy rescue. Approximately 4% of PWS is caused
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by imprinting defects caused by ICR microdeletions, epimutations not caused by deletion,
and other non-characterized defects in imprinting [3].
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Figure 2. (A) A representation of non-disjunction events in meiosis leading to abnormal chromosome
copy numbers in gametes. Hetrodisomy refers to a gamete with each copy of a chromosome present.
Isodisomy refers to a gamete with two copies of the same chromosome present. (B) Trisomy rescue
leading to maternal uniparental disomy. Trisomy rescue in these cases does not always result in a
maternal uniparental disomy in the cases outlined above; a maternal chromosome could have been
lost. The outcomes of interest are displayed in the figure. Created with BioRender.com. (accessed on
25 March 2022).

Amongst the paternal deletions, there are two major genetic subtypes with differing
phenotypic expression classified as Type I and Type II deletions, which make up approxi-
mately 38.9% and 54.5% of the paternal deletion subtype, respectively [13]. To understand
the different deletion subtypes, it is important to first understand the organization of
the 15q11-q13 locus. The region of chromosome 15 is broken up into five break points
(BP). The maternally imprinted genes of PWS are between BP2 and BP3. There are four
non-imprinted genes (NIPA1, NIPA2, CYFIP1, and TUBGCP5) that reside between BP1 and
BP [14-16]. Type I deletions consist of a loss of the genetic material between BP1 and BP3
(6.58 Mb), while Type II deletions involve the material between BP 2 and 3 (5.33 Mb) [17].
Butler et al. [18] were the first to describe a phenotypic difference between the two deletion
types, with the Type I deletion exhibiting unique neuropsychiatric deficits not observed in
Type II deletions. This difference suggested that the four genes in the BP1-BP2 region must
be involved in neural functions in some way. Bittel et al. [19] showed that the amount of
BP1-BP2 mRNA isolated from PWS patient-derived cell lines correlated strongly with the
amount of phenotypic difference between the two deletion types. Further evidence was
provided that all four genes were highly expressed in CNS. The identification of BP1-BP2
deletions independent of PWS would lend the most convincing support to Butler et al.’s
findings of the phenotypic difference between type I and type II deletions [20,21]. The
solitary BP1-BP2 deletion, or Burnside-Butler Syndrome, is characterized by intellectual
disability and various neuropsychiatric disorders.
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3. Updates to Genes of Interest in the PWS Region

Recently, advances have been made in the understanding of several genes implicated
in the PWS phenotype. This review will cover recent information regarding MAGEL?2,
NDN, MKRN3, and SNORD116 (Table 1).

Table 1. Summary of recent findings of genes implicated in PWS.

Gene Function Mutant Phenotype Source
Molecular brake on GnRH via inhibition of .
MKRN3 KISST and TAC3 in KISS] neurons Central Precocious Puberty [22,23]
Works withs USP7, and SCF-E3 ligases in . . .
complex to modulate CRY1 stability; works with Possibly sleep wake disturbances;
MAGEL2 USP7 and other E3 ligases to modulate unknown Schaaf-Yang Syn.drome [24-26]
. . (nonsense mutation)
proteins involved in neural development
NDN Stabilization of the core circadian protein BMALI  Possibly sleep—wake disturbances [14]
Largely unknown, this sno-IncRNA may
SNORD116 modulate epigenetic mechanisms of Deletion results in PWS phenotype [27-30]

gene expression

3.1. MKRN3

MKRNS3, which encodes the E3 ubiquitin ligase makorin ring finger protein 3, is a
maternally imprinted gene in the PWS region. The first evidence for a role of MKRN3 in
the phenotype of PWS came from Abreu et al. [22], who identified a solitary deletion of this
gene as a cause of central precocious puberty (CPP), thus linking it to the hypothalamic—
pituitary-gonadal (HPG) axis. Currently, MKRN3 paternal inactivation is the most common
genetic defect associated with CPP.

The molecular mechanisms underlying the initiation of puberty are not well under-
stood, but it is generally accepted that the hormones that drive sexual development depend
on a pulsatile secretion of GnRH from the hypothalamus. Early in life, there is a burst of
GnRH followed by a period of quiescence until just before pubertal onset, when GnRH is
again released in a pulsatile pattern. Abreu et al. [22] described that in mice and non-human
primates the hypothalamic expression of MKRN3 decreases with the initiation of puberty.
This, coupled with the link between MKRN3 and CPP, suggests that MKRN3 acts as a brake
on the HPG axis. In a later study, Abreu et al. [23] discovered that MKRNS3 is expressed
within Kiss1 neurons, which are known to produce two stimulators of GnRH secretion:
KISS1 and TAC3. MKRN3 was found to selectively repress the promotors of these two
stimulatory genes, and as such act as a molecular brake on GnRH secretion. Patients with
paternal mutations in the MKRN3 gene have not been shown to recapitulate the PWS
phenotype on its own, but the newly elucidated role of the gene in the endocrine system
suggests that it may provide contributions.

3.2. MAGEL2, NDN, and Circadian Rhythm

PWS patients are known to exhibit daytime sleepiness and night awakenings, which
suggests there may be a role for PWS genes in the regulation of circadian rhythm. MAGEL2
and NDN have both recently been reported to have a role in circadian rhythmicity, but before
we discuss their role, we will discuss the important factors driving normal rhythm [14,24].
The chief molecular components of circadian rhythm are the heterodimeric CLOCK:BMALI
transcription factors, which control the expression of the Cry 1/2 and Period (Per) 1/2
genes. CRY and PER form a negative feedback loop w/ CLOCK:BMALI. Circadian rhythm
involves the ubiquitination and degradation of CRY by SCF E3 ligases [31,32]. The direct
role of CRY1 and CRY2 levels in rhythmicity is further borne out by the discovery that the
inactivation of both abolishes rhythmicity, while their individual inactivation shortens or
lengthens the circadian period, respectively.

MAGEL2 is a member of the melanoma antigen protein (MAGE) family, which interact
with RING-zinc finger-type E3 ubiquitin ligases and deubiquitinases to modulate the
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ubiquitination of substrate proteins. In mice, MAGEL? is expressed in a highly circadian
rhythm, with a peak expression approximately 3 h before the peak of CRY1. MAGEL? has
also been found to be under the regulation of CLOCK, as the expression of MAGEL? is
altered in CLOCK mutant mice [24]. With this information in hand, it seems quite likely that
there could be a role for MAGEL?2 in modulating the ubiquitination of CRY1/2. Recently,
Carias et al. [24] showed that MAGEL? does in fact interact with SCF E3 ubiquitin ligases to
mark CRY1 for degradation. This interaction is stabilized by USP7, which de-ubiquitinates
CR1. Overall, it appears that MAGEL2, USP7, and SCF-E3 ligase complexes can all regulate
CRY1 stability and that this process depends on the integrity of the MAGE homology
domain. MAGEL2 interacts with USP7, but opposes its stabilizing effects, resulting in
more ubiquitinated substrate and less CRY1 protein. These in vitro findings show that
there is likely a role for MAGEL? in circadian regulation, which may help explain the
abnormal sleep-wake structure in PWS patients. However, in vivo studies of mice with a
selective MAGEL2 deletion do not show a difference in CRY1 levels in the brain compared
to WT mice.

NDN, a maternally imprinted intronless gene within the PWS region, which encodes
the necdin protein, has been shown to be highly expressed in the suprachiasmatic nucleus
(SCN), which is the pacemaker of the mammalian circadian clock. Mice deficient in necdin
show abnormal sleep-wake behaviors and altered expressions of CLOCK-regulated genes.
Lu et al. [14] showed that necdin interacts with BMALI, a core circadian protein, and a chap-
erone protein in complex to stabilize BMALI The disruption of necdin expression destabi-
lizes BMAL1 by promoting its proteolytic degradation through the ubiquitin—proteasomal
system, which results in altered clock gene expressions and, thus, disrupted circadian
rhythms. The role of NDN in circadian clock regulation provides evidence that, similarly to
MAGEL2, it may play a role in the sleep—wake dysfunction observed in the PWS phenotype.

3.3. SNORD116

The smallest deletion syndrome that is known to fully recapitulate the PWS phenotype
was first described by Sahoo et al. [27], who identified a patient with a deletion encompass-
ing SNURF-SNRPN, part of SNORD115, and all of SNORD 116. Later, De Smith et al. [28]
presented a patient with the PWS phenotype without any of the SNORD115 locus being
implicated. This phenotype provided support for the hypothesis that SNORD116 is the
minimal deletion required to cause PWS as, by this time, the literature had shown that
both SNURF-SNRPN- [29,33] and SNORD115-specific perturbations were insufficient to
replicate the phenotype.

SNORD116 is a sno-IncRNA without any currently described molecular function. Just
as the human PWS phenotypes were observed in the deletion, congruent phenotypes were
observed in mouse models of the same type. SNORD116 has been shown to be highly
expressed in the mouse cortex, and in such a model, there is evidence that it may be an
important regulator of epigenetic mechanisms [27-30]. It is crucial that future work aim to
understand SNORD116 activity, as it currently stands as the PWS causative gene.

3.4. MAGEL2 and Schaaf-Yang Syndrome

Recently, a series of patients with nonsense mutations in MAGEL2 has been described
in the literature as having a PWS-like syndrome (Schaaf-Yang Syndrome, SHFYNG) [25,26].
Similarly to PWS patients, these patients experience developmental delay, intellectual
disability, neonatal hypotonia, failure to thrive in early childhood, and behavioral ab-
normalities. However, these patients do not experience the characteristic hyperphagia
and morbid obesity that are observed in PWS. Furthermore, the paternal deletion of the
MAGEL?2 domain (that does not include SNORD116) results in a milder phenotype than
the nonsense mutation of MAGEL?2. Interestingly, the disruptions of USP7, which is known
to interact with MAGEL2, produces a phenotype such as that observed in SHFYNG [24,25].
More work needs to be performed in order to identify the pathways where MAGEL?2 is
active, especially given that the modulation of this gene results in a PWS-like phenotype.
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4. Clinical Presentation and Diagnostics

The diagnosis of PWS is complicated by its considerable range of phenotypic variance
as well as the heterogeneity of genetic mechanism underlying the disease, thus centering
it as the subject of considerable research interest. Initially identified solely by its clinical
presentation, the genetic confirmation of PWS was first described by Ledbetter et al. [34] in
1981 as a deletion in the long arm of 15q11-q13 using high-resolution chromosomal analysis,
and its diagnosis has since expanded to include a variety of genetic testing modalities [35].

There is considerable variability in age at diagnosis among the PWS patient population,
spanning from birth to an upper bound of 20 to 48 years depending on the sample’s
population, with a median of 0.3 years [36,37]. Testing technologies aim to definitively
confirm a diagnosis of PWS in an accurate and economical manner earlier in a patient’s life
(or prenatally), as earlier diagnosis is vital in assembling the significant health resources
required for adequate management. Earlier diagnosis and treatment are associated with
better outcomes in several measurements of PWS morbidity and is a central aim of PWS
research [36,38,39].

The inherent variability in presentation and the wide range of non-specific clinical fea-
tures associated with PWS generate a large differential diagnosis list when evaluating these
patients including genital hypotonia, myotonic dystrophy, spinal muscular atrophy, fragile-
X syndrome, and FG syndrome [40]. PWS that is identified later in life also necessitates
the consideration of Klinefelter syndrome; Bardet-Biedl syndrome; Albright hereditary
dystrophy; Borjeson-Forssman-Lehmann syndrome; maternal uniparental disomy chro-
mosome 14 (Temple syndrome); copy number variants (CNVs) including del1p36, del2q37,
and del6q16; Angelman syndrome; and Cohen syndrome, especially in cases in which the
dominant feature is intellectual disability combined with non-specific obesity [40—42].

5. Clinical Criteria and the Diagnostic Pathway

Although the definitive diagnosis of PWS is only conducted by genetic analysis, its
clinical manifestations are what lead to initial medical referral and consideration for testing.
Several iterations of clinical diagnostic criteria exist for PWS, most of which currently build
upon the 1993 consensus criteria [43], which assigns point values to major and minor criteria
to arrive at a diagnosis. Major criteria include infantile hypotonia that gradually improves
with age, feeding problems and failure to thrive, which transitions to rapid weight gain first
appearing between 12 months and 6 years of age, hypogonadism, and characteristic facial
dysmorphias such as narrow bifrontal diameter, almond-shaped eyes, and a thin upper lip.
Minor criteria include sleep disturbances, short stature, characteristic behavioral problems
like temper tantrums and obsessive-compulsive behavior, hypopigmentation, small hands,
and eye abnormalities such as esotropia and myopia. The 1993 criteria were initially
diagnostic as they were implemented before genetic testing was widely available, whereas
they are now only used to determine the appropriateness of further testing in developed
nations. Clinical features are not enough to accurately diagnose PWS on their own, as
no one symptom or a constellation of symptoms is specific to an individual mechanistic
subtype [44]. An overreliance on clinical criteria for the diagnosis and management of PWS
can be problematic, as a retrospective study of 111 suspected pediatric PWS cases in Cuba
showed, in which only 50% of the clinically suspected cases were confirmed genetically via
FISH [45].

With the advent of widespread available diagnostic genetic testing, the 1993 criteria
were modified to stratify by age to reflect the specific disease manifestations most prominent
at each stage of development, increasing access to definitive testing by correcting for the non-
specificity of symptoms and their tendency to evolve subtly over time specifically features of
neuromuscular deficiency as the salient manifestation in early childhood and hyperphagia
and cognitive impairment becoming more prominent later in development [46]. In a sample
of 68 PWS patients, 17% of the confirmed PWS patients did not meet the 1993 criteria’s
threshold for diagnosis, and several of the minor criteria (e.g., decreased fetal activity,
behavioral problems, and sleep apnea) were more diagnostically sensitive than the major
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criteria (e.g., characteristic facial features) [46]. Recently described clinical phenomena
in the broader constellation of PWS symptoms include partial ankyloglossia, median
grooved tongue [47], and rare pediatric heart tumors such as cardiac rhabdomyoma [48].
A reasonable diagnostic heuristic for the community physician is that any infant with
hypotonia is likely a good candidate for PWS genetic screening [46].

Once adequate clinical suspicion for PWS exists, patients are referred for the preferred
screening test, methylation analysis, followed by confirmatory testing to detect the subtype
that has classically been karyotyping with FISH to reveal deletions and rearrangements
on chromosome 15 [40,49,50]. As per the 2019 update of the EMQN/ACGS best practice
guidelines for the molecular analysis of PWS [51], initial methylation screening should
be performed either through methylation-specific multiplex ligation-dependent probe
amplification (MS-MLPA) across the 15q11-q13 region or methylation-specific polymerase
chain reaction (MS-PCR) at the SNRPN locus. Methylation testing is the only diagnostic
method able to identify PWS caused by the three primary pathogenic mechanisms (paternal
deletion, maternal UPD, and imprinting defects) [52], identifying >99% of PWS and 80% of
Angelman Syndrome. MS-MLPA will identify the deletion status but will not differentiate
between UPD and ID, while MS-PCR fails to differentiate between mechanistic subtypes
altogether [52]. Likewise, FISH may have limited utility in detecting UPD and lookalike
conditions such as UPD of chromosome 14 [45] as well as other unique SNURF-SNURPN
missense variations associated with PWS-like syndromes [53]. Alternative confirmation
methods include short tandem repeat analysis (STR), comparative genetic hybridization
(CGH), and chromosomal microarray analysis (CMA) [54]. If screening and confirmatory
testing are negative but suspicion for PWS remains high based on clinical presentation,
an imprinting defect through epigenetic mutation may be suspected [50]. The above
screening and confirmation diagnostic paradigm forgo unnecessary and invasive muscle
and nerve biopsies.

6. Emerging Technologies in PWS Diagnosis

To address challenges in the affordability, speed, and accuracy of subtype identifi-
cations in PWS diagnosis, several novel methodologies have been described in recent
literature (Figure 3).

In contrast to the standardized stepwise approach of first performing a screening
methylation test and then following up with further confirmatory tests, Strom et al. [41]
constructed a “streamlined molecular approach” that efficiently determines subtype and
negates the requirement for further diagnostic testing. They accomplish this by using
methylation-sensitive MLPA combined with whole exome sequencing (WES) with se-
quence variant analysis of SNRPN and UBE3a, copy number analysis, and absence of
heterozygosity analysis on chromosome 15 for diagnosis and mechanism in a single report.
This approach entails deferring to WES when MS-MLPA reveals no methylation (to rule
out PWS-like disorders), as well as when MS-MLPA methylation detection is positive, but
copy number detection yields a normal copy number (to identify microdeletions, atypical
deletions, disomy status, and UPD subclass). MS-MLPA is a variant of multiplex PCR that
uses a single primer for multiple targets enabling the detection of copy number changes as
well as methylation status and was shown to be highly accurate in detecting PWS with a
100% concordance with MS-PCR-based diagnosis in a study of 98 patients [55]. However,
unlike MS-PCR, it has the distinct advantage of being able to differentiate between deletion
and non-deletion subtypes of PWS, but it is unable to distinguish UPD from imprinting
defects [56]. In combination with whole exome sequencing, this streamlined approach
identifies mechanisms much more precisely than using MS-PCR alone, detecting mosaicism,
segmental versus total isodisomy 15, additional X-linked disorders in females from skewed
X-inactivation, Rett syndrome, as well as copy number variants and point-mutations in
other causative genes. It could also be further modified to include an analysis of chromo-
some 14 to rule out alternative diagnostic considerations such as Bardet-Biedl syndrome
and Cohen syndrome, which would be informative in 97% of patients [41]. Additionally,
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Suspected Diagnosis

(modified 1993 criteria)

unlike other methods, it requires no parental DNA to identify imprinting center microdele-
tions. Techniques that employ whole exome sequencing have the highest diagnostic yield
behind invasive muscle biopsy [57] and they could be vital in genetic counseling (e.g.,
imprinting defects raise risk of having another child with PWS to 50%) [37] and surveil-
lance for associated comorbidities. Potential barriers to the widespread adoption of whole
exome sequencing combined with MS-MLPA include its cost, technical complexity, and
non-uniform coverage by health insurance systems worldwide.
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Figure 3. Comparison of diagnostic approaches in PWS.

Zhang et al. [54] likewise described another novel diagnostic methodology: multiplex
fluorescent STR linkage analysis, which identifies mechanism and subtype of PWS. Using
multiplex fluorescent labeled PCR in STR linkage analyses, the results are subsequently
validated by MS-PCR and array CGH. This technique, such as MS-MLPA plus whole exome
sequencing, provides mechanistic detail but with a distinct advantage in turnaround time
when compared to alternative testing methods: 5 h vs. 2 days for MS-PCR or MS-MLPA,
3 days for CGH, and 5 days for STR direct sequence analysis. Other common tests do
not provide complete information: CMA cannot detect heterodisomy, MS-PCR cannot
differentiate subtypes, MS-MLPA cannot differentiate UPD vs. imprinting defects, and
STR direct sequencing cannot differentiate between types of deletion and uniparental
isodisomy [58]. Zhang et al.’s study of 26 patients in China showed multiplex fluorescent
STR linkage analysis to be accurate and economical when compared with alternative
methodologies.
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7. Prenatal Diagnosis

The reliable prenatal diagnosis of PWS has remained an elusive goal that is the focus
of current research efforts. Prenatal testing is usually limited to families in which there
is a known history of PWS or otherwise suspicion for an imprinting center deletion or
chromosomal rearrangement. Recurrence varies widely between mechanisms of disease.
If the father has an imprinting center deletion or if there is an unbalanced chromosomal
rearrangement, recurrence can approach 50%. However, the risk of recurrence in mUPD or
de novo deletions is very low [59]. There are a small number of reports in the literature of
successful incidental prenatal PWS diagnoses, typically the product of suspicious findings
on ultrasound that lead to further genetic testing [52], as microdeletion and methylation de-
tection are not typically performed in the normal screening for maternal genetic syndromes
in amniocentesis or chorionic villus sampling (CVS) [46].

Maternal and fetal characteristics indicative of PWS include abnormal fetal growth, de-
creased fetal movements, anomalous extremity positions, polyhydramnios, cryptorchidism,
fetal goiter, cardiac rhabdomyoma, breech presentation, hospitalization during pregnancy,
advanced maternal age, decreased birth weight, preterm birth, and nearly universally nor-
mal ultrasound findings before the 24th week of gestation, although they are often highly
variable and can be completely undetectable prenatally [35,38,48,60]. Many of the main
prenatal features of PWS may be a product of neuromotor developmental dysfunction and
the resulting decreased swallowing of amniotic fluid [48]. However, none of these clinical
features are specific to PWS and are not adequate on their own for diagnosis. Further
complicating early diagnosis via ultrasound may be a bias among healthcare professionals
toward trying to obtain normal sonography results, even in the face of maternal complaint,
which may further delay appropriate testing [61]. A retrospective analysis of 101 pregnan-
cies referred to a PWS treatment center postnatally revealed that only one of the women
had MS-PCR performed before birth, even though many had distinct prenatal findings [38].

Even when an abnormality is suspected, testing may not positively identify PWS
(Table 2). Chromosomal microsomal analysis, a common first-tier test for neurodevelop-
mental disorders in utero may fail to detect complete hetero-UPD, which may have less
severe (later hyperphagia, higher birthweights, and less hypotonia) symptoms that are
easier to miss upon diagnosis [52,56,62]. Dong et al. [52] described the case of an infant boy
who had many of the typical PWS features upon ultrasound in utero but passed CMA test-
ing and chromosome analysis. He was then formally diagnosed using CMA and MS-MLPA
after birth, eventually succumbing to his illness at the age of 4 months.

Table 2. Comparison of prenatal diagnostic strategies for PWS.

Modality

Advantages Disadvantages Source

CVS/Amnio +
CMA /CMA-SNP array

CVS/Amnio + Methylation
testing

NIPS

Prenatal Ultrasound

Increasingly common testing Invasive, lower sensitivity than
modality in clinical practice, gives methylation testing (does not detect all [52,58,59]
detailed info on deletion size UPDs, e.g., heterodisomy)
Invasive, necessitates follow-up testing
High specificity and sensitivity for disease mechanism depending on
for PWS methylation test used, not commonly
performed in prenatal screening
Non-invasive, can be performed early =~ High false positives, indeterminate test
in pregnancy, results in 7 days, high  results, limited ability to detect UPD, [37,59,64]
utility in detecting aneuploidies mixed availability
Low specificity and low sensitivity
for PWS

[59]

Non-invasive, affordable [37,39,48,60]
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Prenatal clinical indications of PWS, especially the highly suspicious combination
of decreased fetal growth with normal doppler studies and polyhydramnios (ruling out
the most common cause of decreased fetal growth: placental insufficiency) [63], should
be referred for further testing. Traditionally, amniocentesis or chorionic villus sampling
may be performed, along with methylation screening and further confirmatory studies for
mechanism and subtype [35].

Considerable interest surrounds the possible application of non-invasive prenatal
screening (NIPS) toward the prenatal detection of PWS. First used for detecting aneu-
ploidies, NIPS uses fetal DNA in maternal plasma as a source for testing through either
parallel DNA sequencing or SNP-based studies that analyze maternal and fetal gene distri-
butions [35]. This can be performed as early as 9-10 weeks’ gestation with results being
ready in 7-10 days [35]. Shubina et al. [64] described the first case of PWS diagnosed
with NIPS using high-throughput shallow whole genome sequencing confirmed via am-
niocentesis with FISH analysis and an SNP-based chromosomal microarray [64]. PWS
was diagnosed successfully, and pregnancy was terminated at 21 weeks. NIPS represents
a viable PWS screening method that is considerably less invasive than the alternatives.
However, its diagnostic utility is not as precise as other methods when SNP microarrays
are used as a confirmation method, as it likely does not detect UPD. Still, 6% of women
with a suspected positive prenatal diagnosis of PWS on NIPS choose to terminate without
seeking further confirmatory tests [35]. Additionally, when NIPS is used in microdele-
tion detection, it suffers from a high rate of false positives through its high sensitivity in
identifying variants of unknown significance, which has a unique potential to cause harm
when employed in the sensitive prenatal period [37]. Mixed availability, varying policies
on insurance reimbursement for the test, and ethical considerations are current barriers to
its widespread adoption.

Patients undergoing NIPS screening could likely benefit through consultation with a
medical geneticist, as the successful prenatal diagnosis of PWS not only makes new options
available for earlier intervention but also provides pregnancy management. Approximately
50% of parents say they would support the termination of a pregnancy that was positive
for PWS, even in the third trimester [65].

8. Management

The clinical management of PWS spans many therapeutic domains including nutri-
tional, developmental, educational, hormonal, and behavioral support, with each stage
of development requiring unique management strategies [40]. Features of the disease
that contribute to significant morbidity and mortality likely stem from hypothalamic
dysfunction [50], which include growth hormone deficiency and its numerous sequelae,
hypothyroidism, obesity, diabetes mellitus, hyperlipidemia, obstructive sleep apnea, cen-
tral adrenal insufficiency, hypogonadism, developmental disability, mood disorders, and
nervous and musculoskeletal abnormalities, for which its management necessitates the use
of a multidisciplinary care model [47,53,66,67].

Despite significant advances in our understanding of PWS, the disease remains a
life-limiting condition with a mortality rate approximately 3 times of that of the general
population [68]. One of the largest studies of PWS mortality [69] identified the median age
at death as 30 years, ranging from 1 month to 58 years. The leading causes of death were
identified as the result of the frequent morbid obesity observed in the PWS population,
including restrictive (in adults) and infectious (in children) respiratory pathologies, as well
as sudden death, cardiac failure, and pulmonary embolism.
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8.1. Growth Hormone Therapy

Approved by the FDA in 2000 for PWS treatment in children, growth hormone (GH)
replacement therapy is one of the primary treatment tools for PWS, possessing robust
evidence for efficacy and safety [70]. Between half and 3/4 of all children with PWS have
a measurable GH deficiency, and nearly all have a deficiency in IGF-1 [67]. Treatment is
started empirically as soon as PWS is suspected, at as early as 3 months whenever possi-
ble [67,71]. GH stimulation testing prior to initiation of therapy is unnecessary and should
not be performed. Stimulation testing measures pituitary secretion which can be falsely
elevated in PWS patients due to its hypothalamic involvement. Additionally testing may
be difficult to perform in insulin-resistant patients who cannot achieve hypoglycemia [70].

The dosage of recombinant human growth hormone (thGH) typically begins at
0.5 mg/m?/d titrating up to 1.0 mg/m?, with monthly IGF monitoring initially and extend-
ing to once every 6 months for longer-term surveillance. Polysomnography screening for
obstructive sleep apnea should be completed before treatment initiation, 3-6 months after
the start of treatment, and then annually [67]. Growth hormone improves muscle strength,
linear growth, psychomotor development, metabolic state, cognition, and health-related
quality of life [72,73]. GH is not recommended for those with uncontrolled diabetes, active
malignancy, and acute critical illness.

Many of the commonly reported benefits of GH therapy in the literature were con-
firmed by Angulo et al. [74] in the largest-to-date sample of pediatric patients on rhGH
(~40,000) over a 10-year period, of which 129 pediatric PWS patients met inclusion criteria.
Longer durations of treatment and younger age at initiation of treatment were both asso-
ciated with significant improvements in height standard deviation scores. The data also
suggested that GH therapy has opposite effects on BMI during the different nutritional
phases of PWS, increasing BMI during earlier phases of poor feeding and lowering BMI
when patients enter later hyperphagic phases. Therapy was found to be well-tolerated with
five serious reactions observed. Two deaths were reported which were likely not directly
attributable to rhGH.

GH therapy for children found near-universal acceptance among health systems
worldwide; a much smaller number of countries, including the USA, currently recognize the
benefits of continuing therapy through adulthood [70]. In adults, GH therapy can improve
body composition (without significantly changing BMI), fatigue, cognitive function (with
regression upon discontinuation) [75], motor skills, muscle strength, cardiac risk profile,
and general markers of quality of life. However, GH therapy does not improve bone
mineral density [76] or thyroid function. GH appears to modulate T4, T3, and rT3 in
non-PWS patients with GH deficiency but does not affect TSH levels upon TRH testing in
PWS patients. There is no consensus on how to evaluate or treat hypothyroidism in the
context of PWS [77]. Potential burdens and risks of GH therapy in children and adults
include sleep apnea, increased blood sugar, and extra burden and reliance on caregivers
as most PWS patients are not able to manage a consistent schedule of thGH injections on
their own.

8.2. Hyperphagia and Obesity

Hyperphagia and obesity, the uniquely debilitating calling-cards of PWS, affect 40%
of children and adolescents with the disease and up to 98% of adults [78]. They present
as uncontrollable urges to eat massive quantities of food, even those that are spoiled or
frozen [79]. Other notable behaviors include the stealing of food, extreme frustration
over food restrictions, and hoarding of food, all which become prominent around school
age (median 8 years) after a primary phase of poor feeding and failure to thrive [80-82].
Ultimately, hyperphagia underlies most of the main mechanisms of morbidity and mortality
in PWS and can even lead to direct gastric necrosis by its own right [80].
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First-line therapies for hyperphagia and obesity management in PWS include aggres-
sive behavioral and nutritional support through the strict limitation of access to food, close
monitoring of caloric intake and types of foods consumed, and regular exercise [40]. Calo-
ries must be restricted to counteract the markedly diminished metabolic energy expenditure
observed among PWS patients, even when compared to obese non-PWS individuals. Height
ranging 8-11 kcal/cm comprises an ideal range for caloric intake to maintain a healthy
weight. To lessen anxiety and fixation on food at mealtime, portion control should make
use of the patient’s own palms or hands for measurement [80]. Counteracting hyperphagia
implicitly places limitations on an individual’s autonomy and independence. The develop-
ment of effective pharmacological therapies for the control of problem eating behaviors
could theoretically enable individuals with PWS to live and function independently.

Topiramate is an antiepileptic drug and mood stabilizer that has seen recent experi-
mental use as an appetite suppressant for PWS. It is known to have weight loss and appetite
suppressing activity as a side effect and has been investigated as a potential treatment
for disordered eating behaviors, such as bulimia nervosa. Previous small studies have
offered conflicting evidence for its efficacy in treating PWS. The TOPRADER trial [82], a
multi-center, double-blind, 8-week long RCT performed in France, studied the efficacy of
topiramate in controlling eating and other behavioral pathologies in PWS. When combined
with behavioral and educational resource support, Topiramate was found to have a sig-
nificant effect on modulating hyperphagia but not on other behavioral symptoms such
as skin picking and irritability. Topiramate was generally well tolerated with lethargy,
psychomotor slowdown, and hepatic function decrease as adverse effects.

Caralluma Fimbriata is another potential therapy for hyperphagia in PWS. Caralluma
is a wild shrub used in Indian folk medicine as an appetite suppressant. In PWS animal
models, it has shown to enhance 5-HT2c receptor activity, the same receptor to which
hyperphagia-associated SNORD116 and SNORD115 deletions are thought to interfere
with in the hypothalamus [83]. A case report [84] of Caralluma therapy over 12 years in a
14-year-old female PWS patient was notable for a dramatic reduction in hyperphagia that
permitted her to safely have freedom around food, which reverted to baseline upon the
cessation of therapy. Weight loss was also observed, but similarly to Topiramate, her other
PWS behavioral symptoms (including skin picking) were not attenuated. No major side
effects were experienced. Interestingly, the patient drank plenty of water while receiving
therapy in spite of individuals with PWS being relatively disinterested in water, often
having to be coerced to drink by caregivers [80].

Glucagon-like peptide (GLP-1) agonists, originally used in controlling Type II diabetes
mellitus, have found use as a potential therapy for PWS-related obesity. Kim et al. [80]
describe the use of liraglutide in a morbidly obese 18-year-old female PWS patient hospi-
talized with restrictive respiratory failure, who after 2 years of therapy progressed from a
BMI of 71 kg/m? to 37 kg/m? and was sated on an appropriate diet of 1000 kcal/day. A
small number of case reports suggest promising results with GLP-1 agonists and warrant
further studies into their use in PWS [85,86].

Other drugs currently being investigated for use in PWS hyperphagia and obesity
control include naltrexone/bupropion (hypothalamic POMC activator), orlistat (pancre-
atic lipase inhibitor), sibutramine (nonspecific inhibitor of serotonin and norepinephrine
reuptake), and rimonabant (endocannabinoid CB1 receptor antagonist) [81].

8.3. Behavioral Health

PWS presents with a constellation of behavioral disorders such as cognitive rigid-
ity, anxiety, mood disorders, self-injurious behavior—especially in individuals with a
deletion subtype—and affective psychosis and autism spectrum symptoms in those with
UPD [40,87]. Behavioral disorders in PWS are frequently the target of psychopharmaceu-
ticals, typically selective serotonin reuptake inhibitors (SSRIs) (50% of children and 70%
of adolescents and adults) and atypical neuroleptics (34%). Polypharmacy is a common
feature of behavioral management with significant adverse effect burdens, such as worsen-
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ing obesity [80] and increasing risk of rhythm disorders that could lead to sudden cardiac
death [69].

Forster et al. [87] used the largest sample of PWS patients to date to undergo pharma-
cogenetic testing in order to identify significant differences in metabolizing status among
CYP450 enzymes that are the frequent targets of popular psychopharmaceuticals used in
treatment. There are significant differences in drug response, adverse effects, medication
interactions, and the likelihood of rehospitalization between ultra-rapid metabolizers, ex-
tensive metabolizers, intermediate metabolizers, and poor metabolizers. For example, with
regards to CYP2D6, 17.1% of PWS patients were poor metabolizers compared to 2.2% in
the general population, and 48.6% had extensive metabolizing compared to 63.6% in the
general population. Ultrarapid metabolizers are more likely to have quicker and more
positives responses to antidepressant therapy [88]. For any medication that is metabolized
via CYP2D6, PWS patients might experience better outcomes employing a smaller-than-
normal dose. Similar differences exist for CYPs 2C19, 2C9, 3A4, and 1A2. This could
change the dosage calculus for drugs such as sertraline, modafinil, and aripiprazole and
underscores the potential utility of pharmacogenetic testing in PWS management to reach
better outcomes and fewer adverse effects when using psychopharmaceuticals.

Pitolisant is a strong histamine H3 receptor-mixed agonist/antagonist that is not
FDA approved but has approval in Europe for use in narcolepsy. Pitolisant has found
recent experimental use in treating PWS. Pennington et al. [89] described a 15-year-old
female PWS patient with obsessive-compulsive disorder (OCD), daytime sleepiness, autism
spectrum symptoms, and mild intellectual disability on stimulants, SSRIs, and atypical
antipsychotics. Shortly after therapy began, fewer behavioral outbursts, improved muscle
tone, and diminished hyperflexibility were observed, although she maintained her rigid
thought processes. Twelve months post-initiation, depression, irritability, lethargy, and
hyperactivity continued to improve, although separation anxiety and generalized anxiety
worsened. Notably, she was able to taper and cease SSRI and buspirone therapy. Side
effects comrpised a 2% increase in BMI, sweating, salivation, and drooling.

PWS patients are likely deficient in oxytocin via MAGEL2 [90] deficiency, which may
be involved in some of the behavioral features of PWS. Oxytocin is important for social
skills, food intake, and body weight. Damen et al. [91] performed a double-blinded placebo-
controlled clinical trial investigating three months of intranasal oxytocin therapy among
26 children with PWS. Interestingly, positive effects were observed in males with PWS, such
as a decrease in orexigenic drive, but not in females. Furthermore, patients with deletion
mutations had a better response than patients with maternal UPD. More than half of the
participants’ parents wanted to continue intranasal oxytocin off-label after the conclusion
of the trial because of the positive effects on social behavior that were observed at home.
No serious adverse events were observed during the trial period.

9. Future Developments

As with other genetic diseases for which the available treatments are primarily limited
to symptom relief, genetic and epigenetic therapies provide future hope for a potential
cure, particularly in PWS where every affected patient already has at least one functional
copy of the silenced genes associated with its pathogenesis [92]. As of the time of writing
this paper, genetic and epigenetic therapies for PWS have yet to advance to the clinical
trial stage.

In general, gene therapy attempts to treat disease by replacing faulty genes, intro-
ducing new genes, or modifying faulty genes through the direct alteration of a living
patient’s genetic material. A number of genome editing tools including zinc-finger nucle-
ases (ZFNs), transcription activator-like effector nucleases (TALENS), and the RNA-guided
CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associ-
ated protein 9) nuclease system have been developed in recent years [93]. The first two tools
bind endonuclease catalytic domains to modular DNA-binding proteins to induce targeted
DNA double-stranded breaks (DSBs) at specific genomic loci. By contrast, CRISPR/Cas9
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is adapted from a bacterial type II adaptive immune system, which uses a guide RNA
and Cas9 nuclease to target specific genes for removal, replacement, or alteration [94]. A
significant challenge in gene therapy is the limitation of off-target effects. For example,
the zinc-finger protein ZNF274 has been implicated in silencing maternal SNORD116 and
can activate its expression in PWS-induced pluripotent stem cells (iPSCs) when inhibited,
although it has many additional targets in addition to SNORD116. iPSCs and their derived
neurons from PWS patients with a variety of deletion sizes have been shown to retain the
molecular signatures of PWS, as confirmed by MS-MLPA and CGH [95]. As a potential
method of limiting off-target effects, Lagnouet et al. [92] demonstrate the feasibility of
using CRISPR/Cas9 to delete specific ZNF274 binding sites at SNORD116 to limit its effects
to that locus, which increased expression in PWS iPSCs that had been differentiated into
forebrain cortical neurons. Such an approach is likely safer and more clinically feasible
than the alteration of genome-wide epigenetic regulators. Additional targets for gene
therapy under current investigation include the removal of SMCHD1, which encodes a
protein implicated in the silencing of maternal PWS genes [96], as well as single-dose gene
replacement of BDNF in the PWS mouse model, which has been previously shown to have
a therapeutic effect in the treatment of obesity in non-PWS animal models [97].

Epigenetic therapies in contrast involve mechanisms of altering genetic expression
that do not directly change a patient’s genetic sequence. Kim et al. [44] explored the use
of two novel small molecules (# UNC0642 and UNC0638) as epigenetic therapies in a
PWS mouse model. The human 15q11-q13 imprinting region is highly conserved in mice,
although without a deletion homologous to the humane type I and II deletions. The PWS
mice in this study exhibited hyperphagia but not the obesity phenotype. The inhibitors of
EMHT2/G9a (histone 3 lysine 9 methyltransferase) were capable of reactivating SNRPN
and SNORD116, both in the mouse model and in human patient-derived fibroblasts in vitro.
Earlier studies by Kim et al. [98] demonstrated a survival benefit in PWS model mouse pups
using the same small molecule EMHT2/G9a inhibitors. Off-target effects are of significant
concern, but the drug was well tolerated in the mouse model in both studies with no
signs of toxicity and mirrors FD-approved epigenetic drugs used in cancer treatments,
such as the DNA methyltransferase inhibitor decitabine, which is approved for the treat-
ment of myelodysplastic syndromes and has been investigated as a potential therapy for
PWS [45,98,99]. However, many questions regarding the cell types to be targeted, stages
of development at which therapy should be initiated, precisely which genes need to be
targeted, and an acceptable level for off-target effects must be answered before genetic and
epigenetic therapies are investigated in PWS patients in vivo [100].

10. Conclusions

PWS is a complex, heterogeneous disease that has a significant impact on the lives
of both the affected individuals and their families. There have been a significant number
of advances in our understanding of the genetic mechanisms underlying the disease, and
there are promising new discoveries on the horizon. However, the challenge of early
diagnosis and difficulty in treating some of the disease’s most disabling features remain.
As our understanding of PWS continues to grow, so does the availability of new therapies
and management strategies available to clinicians and families.
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